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ABSTRACT 

P e t r o l e u m  r e s i d s  h a v e  t r a d i t i o n a l l y  b e e n  o v e r l o o k e d  a s  f u e l  
s o u r c e s  d e s p i t e  t h e i r  s i g n i f i c a n t  e n e r g y  c o n t e n t .  T h e s e  p r o d u c t s  
o f t e n  c o n t a i n  iron, n i c k e l ,  a n d  vanadium i n  c o n c e n t r a t i o n s  which  
r a p i d l y  d e a c t i v a t e  or " p o i s o n "  h y d r o g e n a t i o n  c a t a l y s t s .  R e a c t i n g  
p e t r o l e u m  r e s i d s  w i t h  c o a l  u n d e r  l i q u e f a c t i o n  c o n d i t i o n s  o r  
" c o p r o c e s s i n g "  h a s  b e e n  p r o p o s e d  a s  a n  e c o n o m i c  m e t h o d  f o r  t h e  
removal  o f  t r a c e  metals.  C o p r o c e s s i n g  i n v o l v e s  t h e  u p g r a d i n g  of  
a p e t r o l e u m  r e s i d  i n  a r e a c t i o n  w i t h  c o a l .  While t h e  r e s i d  a c t s  
a s  t h e  l i q u e f a c t i o n  s o l v e n t  some o f  t h e  c o a l  is  c o n v e r t e d  t o  
p r o d u c t s ,  a n d  t h e  u n c o n v e r t e d  c o a l  a c t s  a s  a s i n k  f o r  me ta l s .  
T h i s  p a p e r  w i l l  d e s c r i b e  t h e  r e s u l t s  of tests t o  d e t e r m i n e  t h e  
i n c r e a s e  i n  l i q u i d  p r o d u c t  y i e l d s ,  a n d  t h e  r e d u c t i o n  i n  t h e  
c o n c e n t r a t i o n s  of  t race m e t a l s  a c h i e v e d  by c o p r o c e s s i n g  A r a b i a n  
r e s i d  w i t h  M a r t i n  Lake  l i g n i t e .  F o u r  b a t c h - a u t o c l a v e  tests were 
m a d e  u s i n g  v a r i o u s  c a t a l y s t s  a n d  c o n d i t i o n s .  D i s t i l l a b l e  
p r o d u c t s  c o m p r i s i n g  45-60 w t %  of  t h e  i n d i v i d u a l  p r o d u c t  s l u r r i e s  
were found t o  c o n t a i n  2-8 ppm n i c k e l  a n d  vanadium,  a n d  9-41 ppm 
i r o n .  

INTRODUCTION 

Many p e t r o l e u m  resids c o n t a i n  i r o n ,  n i c k e l ,  a n d  vanadium.  
T h e s e  c o n t a m i n a n t s  a r e  f o u n d  i n  some r e s i d s  i n  c o n c e n t r a t i o n s  of 
s e v e r a l  h u n d r e d  p a r t s  p e r  m i l l i o n  ( p p m ) ,  a n d  c a n  g r e a t l y  r e d u c e  
t h e  v a l u e  o f  a r e s i d  a s  a f u e l  s o u r c e  ( 1 , 2 ) .  T r a c e  m e t a l s  i n  
g e n e r a l  a n d  v a n a d i u m  i n  p a r t i c u l a r  a r e  known t o  d e a c t i v a t e  o r  
" p o i s o n "  m e t a l - b a s e d  c a t a l y s t s  u s e d  i n  h y d r o g e n a t i o n  r e a c t i o n s  t o  
u p g r a d e  r e s i d s  ( 3 , 4 ) .  A s  a c a t a l y s t  becomes c o a t e d  w i t h  meta ls  
i t s  e x p o s e d ,  a c t i v e  s u r f a c e  a r e a  i s  g r a d u a l l y  r e d u c e d ,  r e s u l t i n g  
i n  a d e c r e a s e  i n  c a t a l y t i c  a c t i v i t y  ( 3 , s ) .  In o r d e r  t o  
h y d r o g e n a t e  r e s i d s  a n d  improve  t h e i r  p o t e n t i a l  a s  s i g n i f i c a n t  
e n e r g y  s o u r c e s ,  t race  metals c o n c e n t r a t i o n s  m u s t  b e  e c o n o m i c a l l y  
r e d u c e d  t o  t o l e r a b l e  l e v e l s .  S e v e r a l  m e t h o d s  f o r  a c c o m p l i s h i n g  
t h i s  h a v e  b e e n  s t u d i e d  i n c l u d i n g  " c o p r o c e s s i n g "  ( 3 , 6 - 1 4 ) .  
C o p r o c e s s i n g  a p p r o a c h e s  t h e  u p g r a d i n g  o f  p e t r o l e u m  r e s i d s  a s  a 
c o n c u r r e n t  p r o c e s s  w i t h  t h e  l i q u e f a c t i o n  of c o a l  ( 1 5 - 2 3 ) .  Whi le  
t h e  r e s i d  a c t s  a s  t h e  l i q u e f a c t i o n  s o l v e n t  some of  t h e  c o a l  i s  
c o n v e r t e d  t o  p r o d u c t s ,  a n d  t h e  u n c o n v e r t e d  coal a c t s  a s  a s i n k  
f o r  m e t a l s .  

I n  a s s e s s i n g  t h e  f e a s i b i l i t y  o f  c o p r o c e s s i n g  i t  may b e  
n e c e s s a r y  t o  c o n s i d e r  a c o m b i n a t i o n  o f  t h r e e  p a r a m e t e r s  r a t h e r  
t h a n  one .  An i d e a l  c o p r o c e s s i n g  r e a c t i o n  s y s t e m  would p r o v i d e  a 
p r o d u c t  w i t h  m i n i m a l  t r a c e  metals  c o n c e n t r a t i o n s  a l o n g  w i t h  
m a x i m u m  a m o u n t s  o f  c o n v e r t e d  c o a l  and  u p g r a d e d  r e s i d .  
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REACTION CONDITIONS 

D a t a  f o r  t h i s  p a p e r  were o b t a i n e d  f r o m  t h e  a n a l y s i s  O f  
p r o d u c t  s l u r r i e s  f rom f o u r ,  t w o - s t a g e  b a t c h  a u t o c l a v e  t e s t s  w i t h  
M a r t i n  Lake  l i g n i t e  a n d  Lummus A r a b i a n  r e s i d .  E x c e p t  f o r  v a r y i n g  
c a t a l y s t s ,  r e a c t i o n  c o n d i t i o n s  f o r  a l l  f o u r  t e s t s  were  
e s s e n t i a l l y  i d e n t i c a l  a n d  a r e  l i s t e d  i n  T a b l e  1. 

TABLE 1 

COPROCESSING REACTION C O N D I T I O N S  

i 

T e s t  1 
S t a g e  1 

R e s i d e n c e  T i m e  ( m i n )  40  
Temp (OC) 368  
P r e s s u r e  ( p s i a )  4100 
P r e s s u r i z i n g  Gas co 

S t a g e  2 
R e s i d e n c e  T i m e  ( m i n )  1 0  
Temp ( O C )  4 2 5  
P r e s s u r e  ( p s i a )  2225 

C a t a l y s t  ( b o t h  s t a g e s )  none 
P r e s s u r i z i n g  Gas H2 

T e s t  2 T e s t  3 T e s t  4 

40  40 40  
3 7 1  367 372 
3875 4400 4370 
co co co 

1 0  1 0  1 0  
4 2 3  433  425 
2325 2950 2970 

H2S Ammonium M o l y b d a t e  n o n e  
"2 H2 "2 

I t  s h o u l d  b e  n o t e d  t h a t  t h e  a u t o c l a v e  t e s t s  d e s c r i b e d  i n  T a b l e  
1 were d e s i g n a t e d  a s  r u n s  N377, N379, N382, and  N383 a c c o r d i n g  t o  
d o c u m e n t a t i o n  p r o c e d u r e s  e s t a b l i s h e d  a t  UNDEMRC. For  t h e  p u r p o s e  
of  s i m p l i f y i n g  d i s c u s s i o n ,  t h r o u g h o u t  t h i s  p a p e r  t h e  tests w i l l  
b e  r e f e r r e d  t o  a s  Tests 1, 2 ,  3 ,  a n d  4 ,  r e s p e c t i v e l y .  

T a b l e  2 p r o v i d e s  d a t a  r e l a t i n g  r e a c t a n t s  c h a r g e d  a n d  m o i s t u r e -  
a n d  a s h - f r e e  (MAF) c o a l  c o n v e r s i o n s  a c h i e v e d  f o r  e a c h  b a t c h  
a u t o c l a v e  t e s t .  The  d a t a  i n d i c a t e  t h a t  c o a l  r e a c t i v i t y  was 
i n c r e a s e d  b y  t h e  p r e s e n c e  o f  t h e  c a t a l y s t s ,  e s p e c i a l l y  ammonium 
m o l y b d a t e .  T e s t s  1 a n d  4 were p e r f o r m e d  u n d e r  n e a r l y  i d e n t i c a l  
c o n d i t i o n s  t o  p r o v i d e  d a t a  o n  t e s t - r e p r o d u c i b i l i t y ,  b u t  g a v e  
s u b s t a n t i a l l y  d i f f e r e n t  c o n v e r s i o n s .  T h e r e  i s  s p e c u l a t i o n  t h a t  
t h e  h i g h e r  c o n v e r s i o n  a c h i e v e d  b y  T e s t  4 was i n f l u e n c e d  b y  t h e  
p r e s e n c e  i n  t h e  a u t o c l a v e  o f  r e s i d u a l  ammonium m o l y b d a t e  f r o m  
T e s t  3 .  A m o r e  c o m p l e t e  d i s c u s s i o n  o f  t h e  t e s t  r e s u l t s  i n  
r e f e r e n c e  t o  p r o d u c t  m i x ,  r e a c t i o n  c o n d i t i o n s ,  a n d  c a t a l y s t  
e f f e c t s  c a n  b e  f o u n d  i n  R i n d t ,  e t .  a l .  ( 2 4 ) .  

ANALYSIS OF PRODUCT SLURRIES BASED O N  PENTANE-SOLUBILITY 

TO d e t e r m i n e  t race  metals c o n c e n t r a t i o n s  i n  c o p r o c e s s i n g  
p r o d u c t s  a s  a f u n c t i o n  o f  p e n t a n e - s o l u b i l i t y ,  s a m p l e s  o f  t h e  
p r o d u c t  s l u r r i e s  f r o m  T e s t s  2 ,  3 ,  a n d  4 were s e p a r a t e d  i n t o  
p e n t a n e - s o l u b l e  a n d  i n s o l u b l e  f r a c t i o n s .  Both  f r a c t i o n s ,  a n d  t h e  
raw p r o d u c t  s l u r r i e s  f r o m  e a c h  tes t  were a n a l y z e d  f o r  i r o n ,  
n i c k e l ,  a n d  v a n a d i u m  u s i n g  a n  a c i d  d i g e s t i o n  t e c h n i q u e .  The 
p e n t a n e - s o l u b l e  f r a c t i o n  of  A r a b i a n  r e s i d ,  t h e  raw r e s i d ,  a n d  raw 
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M a r t i n  L a k e  l i g n i t e  were a l s o  a n a l y z e d  a c c o r d i n g  t o  t h e  same 
p r o c e d u r e .  

TABLE 2 

COMPOSITIONS A N D  RESULTS OF BATCH AUTOCLAVE TESTS 

T e s t  1 T e s t  2 T e s t  3 T e s t  4 

w t  a s - r e c e i v e d  c o a l  ( 9 )  
w t  MAF c o a l  (9 )  
w t  s o l v e n t  ( 9 )  
w t  w a t e r  added  (9 )  
w t  FS* ( g )  
% FS t h a t  i s  MAF c o a l  

% THFI**'g:PS) 
% a s h  (PS) 
% MAF coal u n c o n v e r t e d  
% MAF c o a l  c o n v e r t e d  
c a t a l y s t  

w t  PS** 

134.5  1 3 9 . 6  
93.8 97 .8  

350.5 3 6 5 . 5  
16 .7  1 7 . 0  

501 .7  5 2 2 . 1  
18.7 1 8 . 7  

472.8 473 .9  
11 .5  9 . 7  

4. 5. 4 .4  
35.4 2 5 . 3  
64.6 74 .7  
none  H2S 

141.7  
99 .6  

372.2 
1 8 . 0  

531.9 
1 8 . 7  

487.4 
7 .2  
4 . 5  

1 3 . 2  
86 .8  

ammon i um 
m o l y b d a t e  

1 4 2 . 8  
100 .0  
373.7 

17 .4  
533 .9  

18 .7  
464.9 

11.0 
4 .7  

29.2 
70.8 
none  

* Feed s l u r r y  
* * *  ,- , 

S a m p l e  s i z e s  r a n g e d  f r o m  a p p r o x i m a t e l y  200 mg f o r  t h e  p e n t a n e  
i n s o l u b l e s ,  t o  600  mg f o r  t h e  p e n t a n e  s o l u b l e s ,  t o  1000 mg f o r  
t h e  raw p r o d u c t  s l u r r i e s  a n d  t h e  r e s i d .  The c o a l  s a m p l e  s i z e  was 
2 2 0  mg. S a m p l e s  were w e i g h e d  i n t o  2 5 0  mL " N a l g e n e "  p l a s t i c  
c o n t a i n e r s  e q u i p p e d  w i t h  screw-on l i d s .  N i t r i c  and  h y d r o f l u o r i c  
a c i d  were a d d e d  i n  2 0  a n d  2 mL a m o u n t s ,  r e s p e c t i v e l y .  L i d s  were 
p l a c e d  l i g h t l y ,  a s  opposed  t o  s c r e w e d  on t h e  c o n t a i n e r s ,  which 
were t h e n  h e a t e d  i n  a microwave  oven  i n  g r o u p s  of  t w o ,  f o r  f i v e  
m i n u t e s  on "medium" power.  The m i c r o w a v e  o v e n  power o u t p u t  was 
c a l c u l a t e d  a c c o r d i n g  t o  a method p u b l i s h e d  by K i n g s t o n  and J a s s i e  
( 2 5 ) ,  a n d  f o u n d  t o  b e  a p p r o x i m a t e l y  3 3 0  w a t t s  o n  t h e  medium 
s e t t i n g .  A f t e r  c o o l i n g ,  1 g r a m  o f  b o r i c  a n d  2 0  m L  o f  
m e t h a n e s u l f o n i c  a c i d  were added  t o  e a c h  s a m p l e ,  and  t h e  r e s u l t i n g  
m i x t u r e s  were h e a t e d  f o r  9 0  m i n u t e s  a t  l l0OC i n  t h e  o v e n  of  a g a s  
c h r o m a t o g r a p h .  B o t h  h e a t i n g  s t e p s  were p e r f o r m e d  u n d e r  a hood t o  
s a f e l y  r e m o v e  a n y  e s c a p i n g  v a p o r s .  The u s e  of  m e t h a n e s u l f o n i c  
a c i d  is recommended a s  a n  e f f e c t i v e  means  of  removing  m e t a l s  f rom 
p o r p h y r i n  c o m p l e x e s  ( 2 6 ) .  A f t e r  vacuum f i l t r a t i o n  t h e  m i x t u r e s  
were d i l u t e d  t o  1 0 0  mL w i t h  d e i o n i z e d  w a t e r  and  a n a l y z e d  u s i n g  
i n d u c t i v e l y - c o u p l e d  p l a s m a  s p e c t r o s c o p y  ( I C P )  . R e s u l t s  of t h e  
a n a l y s e s  a r e  shown i n  T a b l e  3.  

P r o d u c t  s l u r r y  
r e c r a n y d r o f u r a n  i n s o i u b i e s  

* *  
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TABLE 3 

METALS CONTENT BASED ON PENTANE-SOLUBILITY 

T e s t  2 p r o d u c t  s l u r r y  
p e n t a n e  s o l u b l e s  
p e n t a n e  i n s o l u b l e s  

T e s t  3 p r o d u c t  s l u r r y  
p e n t a n e  s o l u b l e s  
p e n t a n e  i n s o l u b l e s  

T e s t  4 p r o d u c t  s l u r r y  
p e n t a n e  s o l u b l e s  
p e n t a n e  i n s o l u b l e s  

A r a b i a n  r e s i d  raw 

M a r t i n  Lake c o a l  

NBS 8505 c e r t i f i e d *  
a n a l y z e d * *  

NBS 1634a c e r t i f i e d *  
a n a l y z e d * *  

p e n t a n e  s o l u b l e s  

F e  (ppm) 

1700 
' 0  

13000 

1800 
17 

16000 

2400 
46 

13000 

56 
0 

4300 

- 
8 

31 
27 

N i  (ppm) 

45 
0 

190 

47 
4 

210 

57 
0 

180 

37 
8 
0 

- 
57 
29 
31 

V (PPm) 

91 
6 

370 

70 
6 

360 

100 
5 

380 

120 
28 
24 

390 
460 
56 
61 

* V a l u e s  c e r t i f i e d  by N a t i o n a l  B u r e a u  o f  S t a n d a r d s .  
V a l u e s  o b t a i n e d  u s i n g  d e s c r i b e d  a n a l y s i s .  * *  

The b o t t o m  two e n t r i e s  i n  T a b l e  3 r e f e r  t o  S t a n d a r d  R e s e a r c h  
M a t e r i a l s  p r o v i d e d  by t h e  N a t i o n a l  B u r e a u  o f  S t a n d a r d s ,  a n d  were 
i n c l u d e d  a s  a means of d e t e r m i n i n g  t h e  a c c u r a c y  of t h e  a n a l y t i c a l  
m e t h o d .  The s t a n d a r d s ,  NBS 8505, v a n a d i u m  i n  c r u d e  o i l  (no 
v a l u e s  f o r  i r o n  o r  n i c k e l )  and  NBS 1634a, t r ace  metals i n  f u e l  
o i l  r e s i d u a l ,  were s i m i l a r  in c o n s i s t e n c y  a n d  c o l o r  t o  t h e  
c o p r o c e s s i n g  p r o d u c t  s l u r r i e s .  C o m p a r i s o n  of NBS c e r t i f i e d  
v a l u e s  w i t h  v a l u e s  o b t a i n e d  t h r o u g h  a n a l y s i s  s u g g e s t s  t h a t  t h e  
a n a l y t i c a l  method may y i e l d  a n  e r r o r  of  u p  t o  18%. 

T a b l e  4 c o m p a r e s  a n a l y t i c a l l y - o b t a i n e d  m e t a l s  c o n c e n t r a t i o n  
v a l u e s  f o r  t h e  t h r e e  p r o d u c t  s l u r r i e s  w i t h  v a l u e s  o b t a i n e d  u s i n g  
a mass b a l a n c e  c a l c u l a t i o n .  The c a l c u l a t i o n s  were d o n e  u s i n g  
p e n t a n e  s o l u b i l i t i e s  a n d  t h e  meta ls  c o n c e n t r a t i o n  v a l u e s  f o r  the 
p e n t a n e - s o l u b l e  and  p e n t a n e - i n s o l u b l e  f r a c t i o n s  found i n  T a b l e  3. 
A s  a n  e x a m p l e ,  t h e  T e s t  2 c a l c u l a t e d  v a l u e  f o r  v a n a d i u m  was 
o b t a i n e d  w i t h  t h e  f o l l o w i n g  f o r m u l a :  74.6%(6) + 25.4%(370) = 98. 
Compar ison  of  v a l u e s  f o r  i r o n  s u g g e s t s  t h a t  s o m e t h i n g  more t h a n  
a n a l y t i c a l  e r r o r  i s  c o n t r i b u t i n g  t o  t h e  l a rge  d i f f e r e n c e  b e t w e e n  
a n a l y z e d  and  c a l c u l a t e d  v a l u e s .  One p o s s i b l e  e x p l a n a t i o n  may 
d e r i v e  f rom t h e  d i g e s t i o n  p r o c e d u r e  s i n c e  t h e  same amount  o f  a c i d  
was u s e d  t o  d i g e s t  a l l  t h e  s a m p l e s ,  r e g a r d l e s s  of w e i g h t  o r  i r o n  
c o n c e n t r a t i o n .  D i g e s t i o n  o f  t h e  p e n t a n e - i n s o l u b l e s ,  w h i c h  
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c o n t a i n e d  h i g h  c o n c e n t r a t i o n s  o f  i r o n ,  was d o n e  u s i n g  a s m a l l  
s a m p l e  ( 2 0 0  m g ) .  W h i l e  d i g e s t i o n  o f  t h e  p e n t a n e - s o l u b l e s  
u t i l i z e d  a l a r g e r  s a m p l e  ( 6 0 0  mg) ,  t h e  i r o n  i n  t h e  s a m p l e s  was 
much l e s s  c o n c e n t r a t e d .  I n  t h e  case o f  t h e  p r o d u c t  s l u r r y  
s a m p l e s ,  t h e  c o m b i n a t i o n  o f  l a r g e  s a m p l e  s i z e  ( 1 0 0 0  mg) and 
m o d e r a t e l y  h i g h  i r o n  c o n c e n t r a t i o n  may h a v e  r e s u l t e d  i n  a n  
i n c o m p l e t e  d i g e s t i o n  d u e  t o  a n  o v e r a b u n d a n c e  o f  i r o n  i n  
c o m p a r i s o n  t o  a c i d .  

TABLE 4 

COMPARISON OF ANALYZED METALS CONTENT T O  MASS BALANCE CALCULATED 
METALS CONTENT OF PRODUCT SLURRIES (PENTANE SOLUBILITY BASIS) 

P e n t a n e  
S o l u b i l i t y  ( % )  Fe (ppm) N i  (ppm) V (ppm) 

T e s t  2 74.6  
Analyzed  v a l u e  
C a l c u l a t e d  v a l u e  

Analyzed  v a l u e  
C a l c u l a t e d  v a l u e  

Analyzed  v a l u e  
C a l c u l a t e d  v a l u e  

T e s t  3 77.4 

T e s t  4 72 .7  

1 7 0 0  45 91 
3300 48 98 

1800 47 70 
3600 51 86 

2400 57 1 0 0  
3600 49 1 0 7  

DISTILLATION OF PRODUCT SLURRIES 

The e f f e c t  o f  c o p r o c e s s i n g  on t race metals concen t r a t ions  
was a l s o  e x a m i n e d  a s  a f u n c t i o n  o f  p e r c e n t  p r o d u c t  s l u r r y  
d i s t i l l a b l e .  Vacuum d i s t i l l a t i o n s  were c a r r i e d  o u t  u s i n g  Pyrex  
g l a s s w a r e  w i t h  T 14 /20  j o i n t s .  S low f l o w i n g  w a t e r  was u s e d  a s  
t h e  f i r s t  s t a g e  c o n d e n s e r  c o o l i n g  f l u i d .  A d i s t i l l a t i o n  column 
a p p r o x i m a t e l y  2 0  c m  l o n g  was u s e d  t o  r e d u c e  t h e  c h a n c e  o f  non-  
d i s t i l l e d  sample c a r r y o v e r  o r  " b u m p i n g " .  The a p p a r a t u s  was 
f i t t e d  w i t h  a f r a c t i o n a t i n g  d e v i c e  and  o p e r a t e d  u n d e r  a vacuum of 
a b o u t  5 t o r r  as m e a s u r e d  w i t h  a m e r c u r y - f i l l e d  McLeod Gauge. 
P r o d u c t  s l u r r y  s a m p l e s  of  1 0  - 25 g were p l a c e d  i n t o  a 30 m l  
r o u n d  b o t t o m  f l a s k ,  h e a t e d  w i t h  a m a n t l e ,  a n d  s t i r r e d  w i t h  a 
T e f l o n - c o a t e d  m a g n e t i c  s t i r  b a r .  A s  h e a t i n g  p r o g r e s s e d  t h e  
s y s t e m  p r e s s u r e  w a s  s l o w l y  r e d u c e d .  I n  o r d e r  t o  m i n i m i z e  t h e  
t h r e a t  of  bumping ,  t h e  s a m p l e  was  s t i r r e d  v i g o r o u s l y  a n d  t h e  
d i s t i l l a t i o n  co lumn was warmed t o  85OC u s i n g  g l a s s  f a b r i c  h e a t i n g  
t a p e .  H e a t i n g  t h e  column a l l o w e d  l o w - b o i l i n g  v o l a t i l e  components  
t o  r e m a i n  in t h e  v a p o r  p h a s e  i n s t e a d  of c o n d e n s i n g  and  d r i p p i n g  
b a c k  i n t o  t h e  d i s t i l l a t i o n  p o t .  A s  t h e  s y s t e m  p r e s s u r e  w a s  
g r a d u a l l y  r e d u c e d  t o  5 t o r r ,  t h e  v o l t a g e  t o  t h e  h e a t i n g  m a n t l e  
was g r a d u a l l y  i n c r e a s e d  t o  1 3 0  v o l t s ,  a p r o c e s s  t h a t  t o o k  a b o u t  
30 - 40 m i n u t e s .  

The f i r s t  f r a c t i o n  was c o l l e c t e d  u n t i l  t h e  t e m p e r a t u r e  i n  t h e  
d i s t i l l a t i o n  h e a d  r e a c h e d  120oC, a n d  i s  i d e n t i f i e d  a s  t h e  i n i t i a l  
b o i l i n g  p o i n t  ( I B P )  t o  120OC f r a c t i o n .  F o l l o w i n g  c o l l e c t i o n  of 
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t h e  f i r s t  f r a c t i o n  t h e  w a t e r  f l o w  t o  t h e  c o n d e n s e r  was s h u t  o f f  
a n d  t h e  c o n d e n s e r  was d r a i n e d .  The r e m a i n d e r  of  t h e  d i s t i l l a t i o n  
was ' c a r r i e d  o u t  u s i n g  a i r  a s  t h e  c o n d e n s e r  c o o l i n g  f l u i d .  The 
s e c o n d  f r a c t i o n  was c o l l e c t e d  o v e r  a t e m p e r a t u r e  r a n g e  o f  1 2 0 -  
260OC, a n d  t h e  t h i r d  f r a c t i o n  was c o l l e c t e d  o v e r  a t e m p e r a t u r e  
r a n g e  o f  260OC t o  t h e  "end  p o i n t " .  The e n d  p o i n t  i s  d e f i n e d  a s  
t h e  t e m p e r a t u r e  a t  w h i c h  o n e  o r  more  o f  t h e  f o l l o w i n g  c o n d i t i o n s  
e x i s t :  1) t h e  t e m p e r a t u r e  i n  t h e  h e a d  p i e c e  r e m a i n s  c o n s t a n t ,  2 )  
t h e  t e m p e r a t u r e  i n  t h e  h e a d  p i e c e  i s  c o n s i s t e n t l y  f a l l i n g ,  o r  3 )  
d e c o m p o s i t i o n  of t h e  s a m p l e  i s  e v i d e n t  ( t h e  s a m p l e  r e m a i n i n g  i n  
t h e  p o t  s t a r t s  s m o k i n g ) .  Two o t h e r  f r a c t i o n s  c o l l e c t e d  were t h e  
c o l d  t r a p  f r a c t i o n  a n d  t h e  p o t  r e s i d u e .  The c o l d  t r a p  f r a c t i o n  
r e f e r s  t o  t h e  m a t e r i a l  c o l l e c t e d  i n  t h e  c o l d  t r a p ,  w h i c h  i s  
l o c a t e d  b e t w e e n  t h e  d i s t i l l a t i o n  p o t  a n d  t h e  c o n d e n s e r ,  a n d  
c o o l e d  by a s l u r r y  b a t h  o f  d r y  ice a n d  2 - p r o p a n o l .  T h i s  m a t e r i a l  
is a s o l i d  w h i l e  i n  t h e  c o l d  t r a p , , b u t  becomes  a v o l a t i l e  l i q u i d  
a t  room t e m p e r a t u r e .  The p o t  r e s i d u e  r e f e r s  t o  t h e  m a t e r i a l  
r e m a i n i n g  i n  t h e  d i s t i l l a t i o n  p o t  a f t e r  t h e  end  p o i n t  h a s  b e e n  
r e a c h e d  and  t h e  d i s t i l l a t i o n  i s  c o m p l e t e .  T h i s  f r a c t i o n  c o n t a i n s  
a s o l i d  p h a s e  and  a v e r y  v i s c o u s  l i q u i d  p h a s e .  

ANALYSIS OF PRODUCT SLURRIES BASED ON DISTILLATION CUTS 

The t e c h n i q u e  u s e d  f o r  t h e  d i g e s t i o n  o f  t h e  d i s t i l l a t e s  a n d  
r e s i d u e s  ( d e v e l o p e d  b y  D a v i d  J .  Hasse t t  a t  t h e  U n i v e r s i t y  o f  
N o r t h  D a k o t a  E n e r g y  a n d  M i n e r a l s  R e s e a r c h  C e n t e r )  r e q u i r e d  a 
s a m p l e  s i z e  of  a b o u t  1 g .  P l a c e m e n t  of  t h e  s a m p l e  i n  a 1 0 0  mL 
P y r e x  v o l u m e t r i c  f l a s k  was f o l l o w e d  b y  t h e  a d d i t i o n  o f  1 0  mL 
U l t r e x  c o n c e n t r a t e d  s u l f u r i c  a c i d .  The f l a s k  was t h e n  p l a c e d  on 
a h o t  p l a t e  a n d  t h e  m i x t u r e  was h e a t e d .  when d e n s e  w h i t e  fumes  
of  s u l f u r  t r i o x i d e  b e g a n  t o  a p p e a r ,  a f e w  d r o p s  of  c o n c e n t r a t e d  
U l t r e x  n i t r i c  a c i d  were a d d e d  t o  t h e  m i x t u r e .  The a p p l i c a t i o n  o f  
h e a t  c o n t i n u e d  a n d  d e n s e  w h i t e  fumes  o f  s u l f u r  t r i o x i d e  a g a i n  
began  t o  a p p e a r ,  a t  which  t i m e  s e v e r a l  more  d r o p s  o f  n i t r i c  a c i d  
were added .  T h i s  c y c l e  was r e p e a t e d  u n t i l  t h e  m i x t u r e  b e c a m e  
c l e a r ,  o r  no d a r k e r  t h a n  a d i l u t e  s t raw c o l o r .  A c lear  s o l u t i o n  
i n d i c a t e s  t h a t  t h e  m a j o r  p o r t i o n  of  t h e  o r g a n i c  m a t t e r  has  b e e n  
o x i d i z e d .  A f t e r  c o o l i n g ,  t h e  s o l u t i o n  was d i l u t e d  t o  1 0 0  mL w i t h  
d e i o n i z e d  water and  a n a l y z e d  by ICP. A s a m p l e  o f  A r a b i a n  r e s i d  
was a l s o  d i s t i l l e d ,  d i g e s t e d ,  a n d  a n a l y z e d  a c c o r d i n g  t o  t h e  same 
p r o c e d u r e ,  e x c e p t  t h a t  o n l y  t h r e e  d i s t i l l a t e  f r a c t i o n s  were 
c o l l e c t e d .  M a r t i n  Lake c o a l  was p r e p a r e d  f o r  ICP a n a l y s i s  b y  two 
s e p a r a t e  methods .  One s a m p l e  was d i g e s t e d  a n d  t h e  o t h e r  w a s  
a s h e d .  T a b l e  5 d i s p l a y s  t h e  r e s u l t s  of  t h e s e  a n a l y s e s .  

Compar ison  of a n a l y t i c a l l y - o b t a i n e d  v a l u e s  w i t h  N B S - c e r t i f i e d  
v a l u e s  f o r  NBS 1 6 3 4 a ,  t r a c e  m e t a l s  i n  f u e l  o i l  r e s i d u a l ,  h e l p s  
d e m o n s t r a t e  t h e  r e l i a b i l i t y  o f  t h e  a n a l y t i c a l  method.  A s  a n o t h e r  
c h e c k  o n  t h e  a n a l y s i s ,  T a b l e  6 c o m p a r e s  a n a l y t i c a l l y - o b t a i n e d  
m e t a l s  c o n c e n t r a t i o n  v a l u e s  f o r  t h e  p r o d u c t  s l u r r i e s  a n d  r e s i d  
w i t h  v a l u e s  o b t a i n e d  u s i n g  a mass  b a l a n c e  c a l c u l a t i o n .  The mass 
b a l a n c e  c a l c u l a t i o n  i s  s imi l a r  t o  t h e  c a l c u l a t i o n  u s e d  i n  T a b l e  4 
e x c e p t  t h a t  d i s t i l l a t e  p e r c e n t a g e s  r a t h e r  t h a n  p e n t a n e  
s o l u b i l i t i e s  a r e  u s e d  t o  m u l t i p l y  t h e  m e t a l s  c o n c e n t r a t i o n  v a l u e s  
i n  T a b l e  6 .  
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TABLE 5 

METALS CONCENTRATIONS BASED ON PERCENT PRODUCT SLURRY DISTILLABLE 

v (ppm) 

78 
l i m i t s  
l i m i t s  

4 
40  

1 5 0  

81 

w t %  p r o d u c t  s l u r r y  Ee (ppm) N i  (pprn) 

I 

T e s t  1 P r o d .  S l u r r y  
Co ld  t r a p  9 .6  
IBP - 120OC 10 .3  
1 2 0  - 260OC 31.7 
260  - 275OC 6.2 
R e s  id u e  42.2 

T e s t  2 P r o d .  S l u r r y  

IBP - 120OC 13.6  
1 2 0  - 260OC 27.8 
260  - 285OC 1 3 . 8  
R e s i d u e  40 .6  

T e s t  3 P rod .  S l u r r y  

Co ld  t r a p  4.4 

C o l d  t r a p  2.2 
IBP - 120OC 9.4 
1 2 0  - 260OC 30.5  
260  - 305OC 1 6 . 1  
R e s  i d  u e  37 .3  

T e s t  4 P rod .  S l u r r y  
C o l d  t r a p  2.7 
IBP - 120OC 14 .6  
1 2 0  - 260OC 31.8 
260  - 285OC 1 4 . 1  
R e s i d u e  36 .8  

R e s i d  
1 2 0  - 260OC 2 6 . 1  
260 - 295OC 16 .3  
R e s i d u e  57 .6  

C o a l  d i g e s t e d  
C o a l  a s h e d  

NBS 1634a  a n a l y z e d  
NBS 1 6 3 4 a  c e r t i f i e d  

4200 
Below 
Below 

7 
7 5  

10200  

4000 
Below 
Below 

5 5  
1 5  

10200  

4100 
Below 
Below 

1 2  
7 

1 0 8 0 0  

2700 
Below 
Below 

74  
9 

10500  

1 
1 

26  
1 4  

3900  
4000 

32  
3 1  

34  
d e t e c t i o n  
d e t e c t i o n  

4 
4 0  
7 9  

3 7  
d e t e c t  i o n  
d e t e c t i o n  

4 
6 

99  

39  
d e t e c t i o n  
d e t e c t i o n  

4 
6 

9 4  

3 0  
d e t e c t i o n  
d e t e c t i o n  

5 
5 

1 3 0  

3 6  
2 
2 

62  

6 
3 1  

29 
29 

S i n c e  a n a l y z e d  a n d  c a l c u l a t e d  v a l u e s  a r e  i n  r e a s o n a b l e  
a g r e e m e n t  for T e s t s  1 - 3 a n d  t h e  r e s i d ,  t h e  l a r g e  d i f f e r e n c e s  
be tween  v a l u e s  f o r  T e s t  4 a r e  p r o b a b l y  d u e  t o  a m e a s u r e m e n t  
e r r o r .  Wi th  t h e  e x c e p t i o n  o f  T e s t  4 t h e  a n a l y z e d  a n d  c a l c u l a t e d  
v a l u e s  fo r  i r o n  a r e  v e r y  c l o s e ,  u n l i k e  t h e  v a l u e s  i n  T a b l e  4.  
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TABLE 6 

A N A L Y Z E D  METALS CONTENT COMPARED TO MASS IBALANCE CALCULATED METALS 
CONT-ENT FOR PRODUCT SLURRIES (PERCENT DISTILLABLE BASIS) 

T e s t  1 
Analyzed  v a l u e  
C a l c u l a t e d  v a l u e  

Analyzed  v a l u e  
C a l c u l a t e d  v a l u e  

Analyzed  v a l u e  
C a l c u l a t e d  v a l u e  

Analyzed  v a l u e  
C a l c u l a t e d  v a l u e  

Analyzed  v a l u e  
C a l c u l a t e d  v a l u e  

T e s t  2 

T e s t  3 

T e s t  4 

R e s i d  

F e  (PPm) 

4 2 0 0  
4 3 0 0  

4 0 0 0  
4 2 0 0  

4 1 0 0  
4 0 0 0  

2 7 0 0  
3 9 0 0  

1 
1 3  

N i  (ppm) 

34 
37 

3 7  
42 

3 9  
3 7  

3 0  
5 0  

36 
3 7  

v (ppm) 

7 8  
6 7  

8 1  
7 5  

7 5  
6 6  

6 5  
9 8  

1 2  
1 2  

T h i s  may b e  d u e  t o  t h e  d i g e s t i o n  t e c h n i q u e .  W h i l e  t h e  f i r s t  
t e c h n i q u e  u t i l i z e d  a s t a n d a r d  amount  o f  a c i d  f o r  a l l  s a m p l e s ,  t h e  
amount  o f  a c i d  u s e d  i n  t h e  s e c o n d  t e c h n i q u e  w a s  i n d i v i d u a l l y  
d e t e r m i n e d  f o r  e a c h  s a m p l e  b a s e d  o n  t h e  amount  o f  o x i d i z a b l e  
m a t e r i a l  c o n t a i n e d  i n  t h e  s a m p l e .  C a l c u l a t e d  and  a n a l y z e d  v a l u e s  
f o r  n i c k e l  and  vanadium i n  t h e  r e s i d  a r e  much c l o s e r  t h a n  s i m i l a r  
v a l u e s  f o r  t h e  p r o d u c t  s l u r r i e s  f rom T e s t s  1 - 3 .  T h i s  c o u l d  b e  
b e c a u s e  t h e i r  were f e w e r  c h a n c e s  f o r  a n a l y t i c a l  e r r o r  i n  t h e  
r e s i d  a n a l y s i s  s i n c e  o n l y  t h r e e  d i s t i l l a t e  f r a c t i o n s  were 
o b t a i n e d ,  as opposed  t o  f i v e  f o r  t h e  p r o d u c t  s l u r r i e s .  

COMPARISON OF DIGESTION TECHNIQUES 

T a b l e  7 c o m p a r e s  a n a l y z e d  m e t a l s  c o n c e n t r a t i o n  v a l u e s  f o r  
t h e  p r o d u c t  s l u r r i e s  t o  v a l u e s  t h a t  were e x p e c t e d  b a s e d  on  f e e d  
s l u r r y  c o m p o s i t i o n  d a t a .  A l l  a n a l y t i c a l  d a t a  i n  T a b l e  7 a r e  t h e  
r e s u l t  o f  a n a l y s e s  u s i n g  t h e  m e t h a n e s u l f  o n i c  a c i d  d i g e s t i o n  
t e c h n i q u e .  The metals c o n t e n t s  o f  t h e  c o a l  and r e s i d  w e r e  u s e d  
t o  c a l c u l a t e  t h e  t o t a l  metals c o n t e n t  i n  g r a m s  f o r  e a c h  s l u r r y  
c h a r g e d  i n  t h e  a u t o c l a v e .  By a s s u m i n g  g r a m s  m e t a l  i n  f e e d  s l u r r y  
e q u a l s  g r a m s  m e t a l  i n  p r o d u c t  s l u r r y  f o r  t h e  t h r e e  m e t a l s ,  ppm 
v a l u e s  were c a l c u l a t e d  b a s e d  o n  t h e  w e i g h t  o f  t o t a l  p r o d u c t  
s l u r r y  r e c o v e r e d .  A l s o  i n c l u d e d  in t h e  t a b l e  i s  t h e  r a t i o  o f  
e x p e c t e d  v a l u e  t o  a n a l y z e d  v a l u e  f o r  t h e  t h r e e  m e t a l s  i n  e a c h  
tes t .  
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TABLE 7 

EXPECTED COMPARED TO ANALYZED METALS CONTENTS BASED ON 
METHANESULFONIC ACID DIGESTIONS 

Fe (ppm) N i  (ppm) V (ppm) 

T e s t  2 e x p e c t e d  1300  29 93  
T e s t  2 a n a l y z e d  1700  45  9 1  
e x p e c t e d  / a n a l y z e d  0 .76  0.64 1.02 

T e s t  3 expected 1300  28 99 
T e s t  3 a n a l y z e d  1800  47 70 
e x p e c t e d  / a n a l y z e d  0.72 0 .60  1.41 

T e s t  4 e x p e c t e d  1 4 0 0  30  104  

e x p e c t e d  / a n a l y z e d  0 .58  0.53 1.04 
T e s t  4 a n a l y z e d  2400 57 1 0 0  

Table 8 a l s o  c o m p a r e s  a n a l y z e d  metals c o n t e n t s  of t h e  p r o d u c t  
s l u r r i e s  t o  e x p e c t e d  metals  c o n t e n t s  b a s e d  o n  f e e d  s l u r r y  
c o m p o s i t i o n  d a t a .  A l l  a n a l y t i c a l  d a t a  i n  T a b l e  8 a r e  t h e  r e s u l t  
of a n a l y s e s  u s i n g  t h e  U l t r e x  a c i d  d i g e s t i o n  t e c h n i q u e .  

TABLE 8 

EXPECTED COMPARED TO ANALYZED METALS CONTENTS BASED ON 
ULTREX A C I D  DIGESTIONS 

T e s t  1 e x p e c t e d  
T e s t  1 a n a l y z e d  
expected / a n a l y z e d  

T e s t  2 expected 
T e s t  2 a n a l y z e d  
e x p e c t e d  / a n a l y z e d  

T e s t  3 expected 
T e s t  3 a n a l y z e d  
expected / a n a l y z e d  

T e s t  4 expected 
T e s t  4 a n a l y z e d  
e x p e c t e d  / a n a l y z e d  

Fe (PPm) 

1 1 0 0  
4200 

0.26 

1200  
4000  

0.30 

1 2 0 0  
4100 

0 .29  

1 2 0 0  
2700 

0 .44  

N i  (ppm) 

28 
34 

0.82 

30  
3 7  

0 .81  

29 
39  

0.74 

3 1  
30  

1 . 0 3  

v (ppm) 

1 5  
78  

0.19 

1 6  
8 1  

0 .20  

1 6  
75  

0.21 

1 6  
65  

0.24 

The m o s t  c o n s i s t e n t  r e l a t i o n s h i p  be tween  a n a l y z e d  a n d  e x p e c t e d  
v a l u e s  i n  e i t h e r  T a b l e  7 or T a b l e  8 is e v i d e n t  i n  t h e  c o m p a r i s o n  
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of ratios for Tests 1 - 3 in the Ultrex acid digestion matrix. 
Although the analyzed values do not match the expected values, 
they are reasonably precise and consistent in their variation 
from the expected values. (Data from Test 4 do not correlate 
well with data from Tests 1 - 3, but, as previously discussed, 
it appears likely an error was made, in either the processing or  
analysis of the Test 4 product slurry.) The ratios displayed in 
Table 8 indicate that a greater degree of analytical precision is 
achievable through the use of the Ultrex acid digestion. The 
consistent variation in analyzed values suggests that a 
consistently performed step in the reaction process is 
responsible for the inaccuracy of the analyzed values. The 
higher than expected analyzed values for iron may be a result of 
storing the product slurries in metal cans upon their removal 
from the autoclave. 

COMPARISON OF PRODUCT RECOVERY METHODS 

Pentane extraction and distillation were compared as methods 
of recovering the largest product yield with the lowest metals 
concentrations possible. Table 9 displays metals contents as a 
function of pentane solubility, along with coal conversions 
achieved for tests 2, 3, and 4. Pentane solubility and pentane- 
solubles metals contents are also included for the Arabian resid. 

TABLE 9 

METALS CONTENT AS A FUNCTION OF PENTANE-SOLUBILITY 

Pentane % MAF coal 
Solubility ( % )  Fe (ppm) Ni (ppm) V (ppm) converted 

Test 2 74.6 0 0 6 7 4 . 7  
Test 3 77.4 1 7  4 6 86.8 
Test 4 72 .7  4 6  0 5 7 0 . 8  
Resid 80.3 0 8 2 8  

The data in Table 9 suggest that coprocessing may have potential 
as a means of reducing nickel and vanadium concentrations in the 
pentane-soluble fraction of Arabian resid. Since the feed 
slurries for the autoclave tests contained approximately 7 2 %  
resid by weight, if no metals were removed during coprocessing, 
the pentane-soluble fraction of the product slurries should 
contain about 7 2 %  of 2 8  ppm, or 2 0  ppm vanadium. (Although this 
calculation is meaningful, it is not absolutely correct since it 
does not account for some gas production during the reaction and 
slight differences in pentane solubilities.) 

Table 10 displays metals contents a s  a function of total 
product slurry distillable, along with coal conversions for the 
four tests. Similar data is included for the resid. 
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TABLE 10 

METALS CONTENT AS A FUNCTION OF TOTAL DISTILLATE 

% MAF coal 
8 Distillable Fe (ppm) W i  (ppm) V (ppm) Converted 

Test 1 45 15 7.8 7.8 64.6 
Test 2 54 32 3.5 3.5 74.7 
Test 3 54 8.7 1.7 1.7 86.8 
Test 4 60 41 3.8 3.8 70.8 
Resid 42 11 2.0 1.4 

CONCLUSIONS 

On the basis of this preliminary study, coprocessing appears 
to have merit as a means of reducing catalyst-poisoning metals 
concentrations in petroleum resids. However, i n  order to 
properly evaluate coprocessing, coal conversion and ex tent of 
resid-upgrading need to be assessed in terms of reaction cost and 
product value. Also, a larger, more accurate analytical data 
base is required to validate the metals concentration values. 

According to this study, pentane extraction of the product 
slurry provides a greater usable product yield than distillation, 
and the pentane-soluble product contains iron, nickel, and 
v a ~ a d L ~ l i t i  i n  concentracions comparable to those of the distillate 
product. However, because of .nore and greater inconsistencies in 
data acquired using the methanesulfonic acid digestion, in order 
to properly compare product recovery methods it would be 
necessary to analyze a sample matrix based on pentane-solubility 
using the Ultrex acid digestion. 
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